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A BSTRA C T 
A 20-cm electron-bombardment  t h r u s t e r  using a n  LM cathode 
w a s  opera ted  a t  a beam c u r r e n t  IB = 550 mA with a total s o u r c e  energy 
p e r  ion V s  = 250 eV/ ion  a t  a m a s s  uti l ization of 8570 ( V s  includes all 
power r e q u i r e d  to  f o r m  the ions,  s ince no v a p o r i z e r ,  cathode h e a t e r ,  
o r  k e e p e r  power is requi red  with the LM cathode) .  M e a s u r e m e n t s  of 
Poiseui l le  flow of l iquid m e r c u r y  through a s ingle  -capi l la ry  s t a i n l e s s  
s t e e l  tube ( 0 .  0076 c m  d i a . )  were  l i n e a r  and repea tab le  with p r e s s u r e  
to within the exper imenta l  e r r o r  of t 570 over  the range 20-75 ps ia .  
s ingle-capi l lary flow impedance has-been fabr ica ted  a n d  is undergoing 
tes t ing with a special ly  designed L M  cathode. 
be capable of v e r y  high uniformity in the m e r c u r y  flow r a t e .  
LM cathode h a s  been fabr ica ted  which ut i l izes  a l i n e a r - s l i t  pool- 
keeping s t r u c t u r e .  
on establ ishing the l i m i t s  of performance with copper  a s  the p e r m a -  
nently wettable m e t a l  (used  t o  stabil ize the posit ion of the l iquid s u r -  
face)  a n d  comparing the performance of other  m a t e r i a l s .  
in tegra ted  30-cm d i a m e t e r  permanent-magnet  t h r u s t e r  h a s  been de-  
s igned which has  a calculated weight of approximate ly  4. 7 kg. 
A 
This  combination m a y  
A new 
LM cathode neut ra l izer  development  concentrated 
A thermal ly  
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I. INTRODUCTION AND SUMMARY 
P r i o r  to  the p r e s e n t  effort, the technology of the LM cathode:' 
a n d  i t s  operat ion had advanced to a s tage  where  i t  could be used  a d -  
vantageously as  the d i scha rge  cathode of a m e r c u r y  e lec t ron-bombard-  
m e n t  Kaufman3 t h r u s t e r ,  and  where it offered cons iderable  p r o m i s e  f o r  
u s e  as  the neut ra l izer  cathode of such  t h r u s t e r s .  
t h r u s t e r  l ife in excess  of 10 
R e s e a r c h  Labora to r i e s  (HRL) when a 20-cm t h r u s t e r  equipped with a n  
Following this  t e s t  no e ros ion  of the molybdenum cathode s t r u c t u r e  
w a s  evident,  and no degradat ion of the cathode pe r fo rmance  o c c u r r e d .  
F u r t h e r m o r e ,  within the l imi t s  of exper imenta l  a c c u r a c y  (t 1%) t ime 
invar iance  of cathode and th rus t e r  c h a r a c t e r i s t i c s  had  beendemons t r a t ed ,  
as  wel l  as insensi t ivi ty  t o  vacuum c h a m b e r  environmental  conditions.  
Annular  LM cathodes had been o e r a t e d  a t  t e m p e r a t u r e s  as  high as 
3OO0C in a sa t i s fac tory  manner .  This  t e m p e r a t u r e  i s  high enough to 
a l low independence of the cathode f r o m  the the rma l  cons t ra in ts  of the 
t h r u s t e r  in space .5s6  Source  energ ies  p e r  ion as  low as  V s  = 400 eV/ ion  
( th i s  is the total  energy  required to f o r m  a n  ion s ince  no h e a t e r ,  
vapor i ze r ,  o r  keepe r  power i s  required)  had been demons t r a t ed  a t  a 
mass uti l ization of q 
t e m p e r a t u r e  of 2 5 O o e  while  the corresponding numbers  f o r  3OO0C w e r e  
V s  = 443 eV/ ion  a t  qm = 8470. F u r t h e r ,  s table  LM cathode opera t ion  in 
the neu t r a l i ze r  c u r r e n t  range  had been demons t r a t ed ,  
e lec t ron- to-a tom e m i s s i o n  rat ios  and  power expendi tures ,  a t  t e m p e r a t u r e s  
c lose  to the equi l ibr ium tempera ture  of a neu t r a l i ze r  which i s  cooled 
only by radiat ion f r o m  i t s  face.  
T h e  feasibi l i ty  of 
4 hours had been demonst ra ted  a t  Hughes 
LM cathode was  successfu l ly  tested f o r  a n  accumula ted  4000 h o u r s .  4 
= 8770 i n a  20 -cm d iame te r  t h r u s t e r  with a cathode 
with a t t r ac t ive  
When the th rus t e r  performance s t a t ed  above was  f i r s t  r epor t ed  
by HRL4,  it r ep resen ted  the best pe r fo rmance  repor ted  f o r  a n y  m e r c u r y  
e lec t ron-bombardment  t h r u s t e r .  
m i z e d  t h r u s t e r s  has  been developed pr incipal ly  through the e f for t s  a t  
NASA Lewis  R e s e a r c h  Cen te r  (LeRC) on the 15-cm SERT I1 t h r u s t e r  
s y s t e m .  7 9  8, 9 In Reference  8, a d i scha rge  energy  p e r  ion of about  
2 0 0  eV/ ion  is r epor t ed  a t  a m a s s  ut i l izat ion of q m  = 8570. 
r equ i r ed  to hea t  the hollow cathode and  the vapor i ze r  w e r e  r epor t ed  to 
r e s u l t  in a n  additional expenditure of 120 eV/ ion ,  9 leading to a total  
s o u r c e  znergy  p e r  ion V s  = 320  eV/ion a t  a mass ut i l izat ion qm = 8570. 
Since tha t  t ime a class of highly opti-  
The power 
* 
cathode invented1 and  developed' a t  HRL wil l  be r e f e r r e d  to  as  the 
Liquid-Metal ,  o r  LM cathode. 
is m e r c u r y .  
F o r  brevi ty ,  the gravity-independent,  f o r c e  -fed liquid m e t a l  
In this  r e p o r t  the specif ic  l iquid me ta l  
1 
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The resu l t s  obtained in the SERT I1 p r o g r a m  a t  LeRC,  a n d  s i m i l a r  
r e s u l t s  obtained at HRL10, 11 a n d  a t  JPL, l 2  all supported the con-  
tention that a n  effor t  d i rec ted  a t  d i s c h a r g e  c h a m b e r  optimization with 
r e s p e c t  to operat ion with a n  LM cathode would r e s u l t  in a significant 
i n c r e a s e  in d i scharge  chamber  p e r f o r m a n c e .  
in discharge c h a m b e r  efficiency, beside being a m o s t  worthwhile end 
in themselves ,  a l s o  r e s u l t  itz reduced r e q u i r e m e n t s  on cathode p e r -  
f o r m a n c e .  
c u r r e n t  and consequently the cathode hea t  load PK, th d e c r e a s e s ,  as  
does the rat io  of e l e c t r o n  to a t o m i c  flux demanded f r o m  the cathode. 
Both of these reductions s e r v e  to  re lax  the t h e r m a l  cons t ra in ts  imposed 
on the cathode. 
Such improvements  
A s  the s o u r c e  energy  p e r  ion is reduced,  the d ischarge  
During the init ial  q u a r t e r  of the p r e s e n t  e f for t ,  a n  exis t ing 
2 0 - c m  diameter  LM cathode t h r u s t e r  w a s  modified to conform in m a g -  
netic field g e o m e t r y  (in f i r s t  approximation)  to the LeRC 15-cm 
S E R T  I1 thrus te r .  Following a brief per iod of testing a n d  modification 
the discharge c h a m b e r  per formance  w a s  improved to a level  where  it 
now matches  o r  exceeds  the p e r f o r m a n c e  r e p o r t e d  f o r  o ther  opt imized 
e lec t ron-bombardment  t h r u s t e r s .  
during the l a s t  month,  a t  a beam c u r r e n t  Ig = 550 mA the total  s o u r c e  
e n e r g y  per ion w a s  VS = 250 eV/ ion  a t  a mass uti l ization of q = 8570. 
In  t h r u s t e r  operat ion achieved  
To consolidate the benefits der ived  f r o m  these  recent  e x p e r i -  
menta l  advances a n d  to r e a p  the benefits indicated by p a s t  analyt ical  
s tud ies5  the des ign  and  construct ion of a 3 0 - c m  d i a m e t e r  e l e c t r o n -  
bombardment m e r c u r y  ion t h r u s t e r  h a s  been undertzken which will 
be optimized f o r  operat ion with a n  LM cathode. The t h r u s t e r  design,  
which is now comple te ,  a t t e m p t s  to  exploit  the exper ience  gained 
through recent  development of t h r u s t e r s  a t  HRL, JPL, a n d  LeRC. I n  
addition to the optimization of d i scharge  c h a m b e r  p e r f o r m a n c e ,  this 
t h r u s t e r  incorpora tes  f e a t u r e s  n e c e s s a r y  f o r  t h e r m a l  integrat ion of 
the cathode with the overa l l  t h r u s t e r  s y s t e m  while maintaining a l ight 
weight design, 
approximately 4. 7 kg. 
The weight of the overa l l  t h r u s t e r  i s  calculated to be 
I n  para l le l  with the development of a n  e lec t ron-bombardment  
t h r u s t e r  which is optimized f o r  u s e  with the L M  cathode, r e s e a r c h  
a n d  development continues o n  the cathode i tself ,  a s  well  a s  on many 
of the auxi l iary components which a r e  n e c e s s a r y  to produce a workable  
t h r u s t e r  sys tem.  T h e s e  a r e a s  of s tudy include the neut ra l izer  cathode, 
neut ra l  m e r c u r y  flow m e a s u r e m e n t  a n d  c o n t r o l ,  a n d  techniques f o r  
e l e c t r i c a l  isolation between the t h r u s t e r  a n d  the propel lant  s t o r a g e  
tanks (thc l a s t  area being the r e s u l t  of a r e c e n t  re la ted  effor t13) .  
Major improvements  on the t h r u s t e r  cathode a r e  being sought 
in r e g a r d  to i t s  specif ic  t h e r m a l  loading V K ,  th ( the r a t i o  of t h e r m a l  
cathode load to  d ischarge  c u r r e n t .  ) While LM cathodes have been 
2 
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opera ted  up to a n d  above the required c u r r e n t s  a n d  e lec t ron- to-a tom 
ra t ios5  a t  t e m p e r a t u r e s  as  h i g h a s  375OC, i t  is noted that this h a s  been 
accompanied  by a significant increase  in specif ic  t h e r m a l  loading over  
the value VK th a 2 .  5 W /A observed in l o w - t e m p e r a t u r e  operat ion.  
New techniqu’es for  the fabricat ion of h igh- tempera ture  LM cathodes 
a r e  d e s c r i b e d  which a r e  expected to p e r m i t  opera t ion  a t  a specif ic  t h e r m a l  
loading c lose  to  its low- tempera ture  level .  
will  t rans la te  d i rec t ly  into higher t h r u s t e r  efficiency a n d  lower  thrus  e r  
weight. 
K ,  tp  Such a reduction of V 
C u r r e n t  exper iments  involving Poiseui l le  flow in single capi l la ry  
tubes indicate that i t  m a y  be possible to exploit c a p i l l a r i e s  of small 
d i a m e t e r  (MO. 01 c m )  f o r  use a s  a flow impedance both t o  es tab l i sh  and  
to  m e a s u r e  the v e r y  small m e r c u r y  flow r a t e s  u s e d  with e lec t ron-  
bombardment  t h r u s t e r s .  
3 
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11. FLOW MEASUREMENT AND CONTROL 
A .  Introduction 
Under a previous contract4 we have d e m o n s t r a t e d  that  i t  is 
possible  to  r e l y  on m e a s u r e m e n t s  of beam c u r r e n t  Ig a s  a n  a c c u r a t e  
indication of neut ra l  m e r c u r y  flow rate I, f o r  automatical ly-control led 
L M  t h r u s t e r  operation. Operating data  f r o m  highly opt imized e lec t ron-  
bombardment  t h r u s t e r s  indicate that  s o m e  l o s s  in t h r u s t e r  p e r f o r m a n c e  
m a y  r e s u l t  f r o m  rel iance on indirect  m e a s u r e m e n t s  of neut ra l  flow 
r a t e .  l4 The reason  f o r  this can be understood by inspect ion of a g r a p h  
of typical d i scharge  c h a m b e r  per formance  f o r  a highly opt imized 
t h r u s t e r .  F i g u r e  1 is a schematic  vers ion  of such  a graph ,  showing 
s o u r c e  e n e r g y  p e r  ion (Vs )  a s  a function of mass uti l ization (qm)  f o r  
a highly optimized t h r u s t e r .  It has  the c h a r a c t e r i s t i c  of p o s s e s s i n g  
two sa tura t ion  regions:  one of a l m o s t  constant  V s  as  a function of 
qm, a n d  one of a l m o s t  constant qm as a function of V s .  
I t  is reasonable  to  anticipate that m i s s i o n s  will  be planned in 
which the t h r u s t e r s  a r e  normally r e q u i r e d  to opera te  in the t rans i t ion  
between the two sa tura t ion  regions.  T h r u s t e r  operat ion c a n  be m a i n -  
ta ined automatical ly  in this d e s i r e d  reg ion  only by knowledge of both 
qm a n d  V s 9  because a deviation f r o m  this region along e i t h e r  one of 
the sa tura t ion  l ines  does  not result  in a sufficient var ia t ion of the o t h e r  
p a r a m e t e r .  
T o  de termine  q m  i t  is n e c e s s a r y  to m e a s u r e  both the beam 
c u r r e n t  IB a n d  the neut ra l  m e r c u r y  flow r a t e  I s ince  q = IB/Ia. A t  
p r e s e n t  no technique e x i s t s  which produces  a d i r e c t  instantaneous 
r e a d - o u t  of Ia. 
a r e  requi red ,  only two techniques a p p e a r  to offer  p r o m i s e  a t  th i s  t ime:  
the m e a s u r e m e n t  of the ra te  of l i n e a r  d i sp lacement  of a m e r c u r y  column,  
o r  the use of a ca l ibra ted  m e r c u r y  flow impedance which then reduces  
the  problem to one of a p r e s s u r e  m e a s u r e m e n t  ( f o r  which m a n y  techniques 
of d i r e c t ,  instantaneous read-out a r e  avai lable) .  
a: 
T o  m e a s u r e  the v e r y  low m e r c u r y  flow r a t e s  which 
Pos i t ive  d isp lacement  m e a s u r e m e n t s  have s e r v e d  f o r  m a n y  y e a r s  
at  HRL to produce m e r c u r y  flow information with high a c c u r a c y .  How- 
e v e r ,  as  present ly  embodied the technique r e q u i r e s  s e v e r a l  minutes  f o r  
s u c h  a c c u r a t e  flow determinat ions.  T o  obtain m o r e  r a p i d  flow d e t e r m i -  
nations f r o m  a posit ive displacement  technique it is n e c e s s a r y  to  in-  
c r e a s e  the r a t e  of l i n e a r  displacement  f o r  a given flow r a t e ;  in o ther  
w o r d s  the m e r c u r y  m u s t  move through a n a r r o w  channel.  
l i q u i d - m e r c u r y  bubble isolator  h a s  been developed under  a n o t h e r  cont rac t .  13  
In th i s  device a hydrogen g a s  bubble is injected into a n  e l e c t r i c a l l y  insul-  
a t ing  capi l la ry  tube through which m e r c u r y  is flowing. 
h a s  t rave l led  a p r e s c r i b e d  distance,  a n  e l e c t r i c a l  s ignal  is genera ted  a n d  
a new bubble is injected. 
t r i c a l  isolat ion between the two ends  of the capi l la ry  tube (the hydrogen 
bubble i n t e r r u p t s  the e lec t r ica l  continuity through the m e r c u r y  column) 
but m a y  a l s o  be used  to provide a rap id  readout  of I, s ince  the velocity 
of the bubbles is d i rec t ly  proportional t o  flow ra te .  
Recent ly ,  a 
A f t e r  the bubble 
This  device is not only useful in providing e l e c -  
5 
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0 50 IO0  
MASS UTILIZATION, T),,,, O/o 
Fig .  1. Schematic  pe r fo rmance  graph  for an  
opt imized t h r u s t e r .  
6 
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Exper iments  conducted under the p r e s e n t  con t r ac t  indicate that  
i t  m a y  be possible  to cons t ruc t  a ca l ibra ted  m e r c u r y  flow impedance 
which is based on the pr inciple  of Poiseui l le  flow through a s ingle  capi l -  
l a r y  tube. The r e s u l t s  of these exper iments  a r e  r epor t ed  below. 
B. Poiseui l le  Flow 
T o  replenish m e r c u r y  liquid to  the ac t ive  cathode su r face  f r o m  
a r e s e r v o i r ,  a pneumatic system (shown schkmatical ly  in F ig .  2) has  
been used, in which p res su r i zed  ni t rogen is appl ied above a pis ton 
p r e s s i n g  on the m e r c u r y  surface to  s e r v e  as  the dr iving f o r c e .  The 
p is ton  posit ion i s  indicated with a dial  indicator  ( ca l ib ra t ed  to  0. 001 in.  
o r  0. 0001 in . )  contacting the top of the piston shaf t .  This  s e rves  a s  a n  
indication of m e r c u r y  consumption and  yields a n  a c c u r a t e  m e a s u r e  of 
the  flow ra t e .  The m e r c u r y  flow is regulated by passing m e r c u r y  a t  the 
r equ i r ed  p r e s s u r e  through a porous tungsten plug used as a flow imped-  
a n c e .  This  impedance is placed immedia te ly  u p s t r e a m  of a small 
plenum leading to the feed channel of the LM cathode pool-keeping 
s t r u c t u r e  as shown in F ig .  3 .  
Though the porous tungsten flow impedance has  s e r v e d  with 
good r e su l t s  f o r  m a n y  y e a r s ,  we have a t t empted  in this  q u a r t e r  to  e s -  
tab l i sh  a new technique f o r  flow m e a s u r e m e n t  a n d  cont ro l  which m a y  
of fer  s e v e r a l  advantages fo r  t h rus t e r  operat ion.  This  method u t i l i zes  
a s ingle  cap i l l a ry  tube to s e r v e  a s  the flow impedance. The flow r a t e  
through such  a cap i l l a ry  is l imited by viscous f o r c e s  to a value given 
by Po i seu i l l e ' s  law. 
. 
w h e r e  i s  the volume flow ra t e ,  D i s  the d i a m e t e r  of a c i r c u l a r  
cap i l l a ry  tube,  L i s  i t s  length,  q is  the coefficient of viscosi ty  of the 
l iquid (qH = 1 . 5 5  x P o i s e )  and  p1 and p2 a r e  respec t ive ly  the up- 
s t r e a m  a n 5  downst ream m e r c u r y  p r e s s u r e s  a t  the ends of the cap i l l a ry  
tube.  In convenient units this  formula c a n  be r e - e x p r e s s e d  as  
4 
- (P, - P z ) / p s i a ,  8 (D/cm)  L / c m  Ia = 7 . 1  x 10 A .  
w h e r e  I i s  the current-equivalent  of the a tomic  flow ra t e .  a 
A potential  advantage of single -capi l la ry  flow regulat ion i s  that  
the  r a t e  of flow i s  a l i n e a r  function of the appl ied p r e s s u r e  and  one which 
c a n  eas i ly  be calculated.  
impedances  to ma tch  the requi rements  of a given appl icat ion.  
This p e r m i t s  the exac t  design of specif ic  flow 
P a s t  e x -  
? 
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per ience  with porous tungsten impedances h a s  indicated that var ia t ions 
in fabrication a r e  too numerous  to  p e r m i t  e x a c t  impedance design,  but 
r a t h e r  they m u s t  be fabr ica ted  f i r s t  a n d  then ca l ibra ted  to find which 
ones meet  given r e q u i r e m e n t s .  
cal ibrat ions change as  a function of the p a s t  h i s t o r y  of a given porous 
impedance with r e g a r d  to heating, exposure  to a i r ,  d e g r e e  of wetting 
with m e r c u r y ,  e tc .  
overcome with the s ing le-capi l la ry  impedance.  
brat ion is es tab l i shed  f o r  a s ingle-capi l la ry  flow impedance,  it could 
s e r v e  to  t r a n s l a t e  a p r e s s u r e  readout  unequivocally into a d i r e c t ,  
instantaneous flow r a t e  readout .  
A l s o  it h a s  been found that the flow 
It is ant ic ipated that  these  disadvantages can be 
If a constant  flow c a l i -  
Single-capi l lary flow impedances benefit  a l s o  f r o m  t h e i r  l i n e a r  
geometry  in that only a small p a r t  of t h e i r  ac t ive  length m u s t  be in the 
in t imate  proximity of the7a thode .  
c a n  r i s e  to whatever  cathode t e m p e r a t u r e  i s  r e q u i r e d  f o r  thermal ly  in-  
tegra ted  cathode operat ion,  while the bulk of the impedance r e m a i n s  a t  
r e s e r v o i r  t e m p e r a t u r e .  
peatable and predictable  flow r a t e s  which m a y  be e s s e n t i a l  f o r  au tomat ic  
s y s t e m  control. 
cap i l la ry  flow impedance offers  s t i l l  a n o t h e r  advantage f o r  use with the 
LM cathode through a reduction of the ampl i tude  of m e r c u r y  flow f luctu-  
a t ions  which o c c u r  due to sur face- tens ion  f o r c e s .  
The  d o w n s t r e a m  t e r m i n u s  of the tube 
T h i s  t h e r m a l  constancy should r e s u l t  in r e -  
F ina l ly ,  i t  i s  shown in Section I11 that  the s ingle-  
C .  Single -Capi l lary Flow M e a s u r e m e n t s  
A s ingle-capi l la ry  flow impedance w a s  evaluated f o r  u s e  in the 
m e a s u r e m e n t  a n d  cont ro l  of m e r c u r y  flow to the LM cathode. The 
c a p i l l a r y  consis ted of a 25 c m  length of type 304 s t a i n l e s s  s t e e l  tubing 
having a n  outside d i a m e t e r  of 0. 018 c m  a n d  a n d  inside d i a m e t e r  of 
0. 0076 cm.  
d i a m e t e r  m e r c u r y  feed  l ine  by m e a n s  of epoxy cement .  
in t u r n  was supplied with m e r c u r y  by our  s t a n d a r d  pis ton-driven m e r c u r y  
feed sys tem.  
c h a m b e r  which could be evacuated.  
The u p s t r e a m  end of this  tube w a s  fas tened  to a 1/16-in.  
T h i s  feed  line 
The d o w n s t r e a m  end of the c a p i l l a r y  tube d ischarged  into a 
P r i o r  to operat ion the capi l la ry  tube w a s  evacuated to l o q 3  T o r r  
by pumping both a t  the open downst ream end a n d  a t  the m e r c u r y  feed  
s y s t e m  p r i o r  to its being fi l led with m e r c u r y .  T h e  feed  s y s t e m  w a s  
subsequently fi l led with m e r c u r y  under  the c u s t o m a r y  vacuum conditions.  
By applying ni t rogen p r e s s u r e  above the pis ton of the feed s y s t e m ,  
m e r c u r y  was dr iven  through the s ing le-capi l la ry  flow impedance.  The  
flow r a t e  of m e r c u r y  w a s  a c c u r a t e l y  d e t e r m i n e d  by m e a s u r i n g  the d i s -  
placement  of the piston of the f e e d  s y s t e m  a s  a function of t ime.  Typical  
flow data points w e r e  a c q u i r e d  over  per iods  of 30 minutes .  
r a t e  of m e r c u r y  through the s ing le-capi l la ry  impedance is plotted in 
F ig .  4 a s  a function of the p r e s s u r e  appl ied a c r o s s  the impedance.  
The flow 
F o r  
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operating range of 
p r e s s u r e  to  e i ther  higher  o r  
20-75 p s i a ,  the data points,  
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l o w e r  values  within the 
indicated by c i r c l e s ,  
exhibit no h y s t e r e s i s  o r  o t h e r  s y s t e m a t i c  var ia t ions in the flow r a t e .  
T h e  m e r c u r y  flow i n c r e a s e d  l inear ly  with p r e s s u r e  a t  a r a t e  of 
I a / p  = 0. 078 A / p s i a .  
I a / p  = 0. 092 A / p s i a  this  value i s  wel l  within the to le rance  ant ic ipated 
f r o m  variations i n  tube d i a m e t e r .  Flow readings w e r e  both l i n e a r  a n d  
repeatable as  a function of p r e s s u r e  i n  this range to within the e x p e r i -  
menta l  e r r o r  of t 570 a t  the c e n t e r  of the range.  
C o m p a r e d  to a theoret ical ly  ant ic ipated value of 
- 
Excurs ions  beyond the s t a t e d  range resu l ted  in  c e r t a i n  s y s t e m a t i c  
variations i n  the flow r a t e .  
of l e s s  than 10 ps ia ,  a n d  the flow w a s  substant ia l ly  reduced f o r  a per iod  
of abodt  30 minutes  when the driving p r e s s u r e  w a s  subsequent ly  r a i s e d  
Z e r o  flow w a s  observed  f o r  dr iving p r e s s u r e s  
ion of 15-25 psia  following such  a zero-f low condition. T h i s  
to r e n d  the is r? exhibited by the data  points indicated by upward-pointing t r iangles  
in  F i g .  4. 
operating range  a f t e r  having been s e t  at  150 ps ia ,  substant ia l ly  h igher  
(t 2070) flow r a t e s  w e r e  r e c o r d e d  f o r  as  long a s  t h i r t y  m i n u t e s  thereaf te r .  
T h e  l a t t e r  t rend  is exhibited by the data  points indicated by downward- 
pointing t r iangles  in the graph.  
understood a t  this  t ime.  
S i m i l a r l y ,  when the driving p r e s s u r e  w a s  r e t u r n e d  to the 
These  s y s t e m a t i c  var ia t ions  a r e  not 
D. Single-Capi l larv Flow Impedance Design 
After  the initial s ing le-capi l la ry  flow impedance t e s t ,  i t  w a s  d e -  
c ided t o  design a n d  c o n s t r u c t  a full  s c a l e  flow impedance f o r  use  with a n  
experimental  LM cathode. A device shown schemat ica l ly  i n  F i g .  5 h a s  
been designed in which 2 . 5  m of 0. 01 c m  I. D. tubing is wound about a 
spool  a n d  then totally enclosed by a s t a n d a r d  3 /8- in .  d i a m e t e r  m e r c u r y  
feed and  vacuum lead-through tube. Both the u p s t r e a m  a n d  downst ream 
ends of the capi l la ry ,  a r e  a t tached  to the feed tube with a nickel- t i tanium 
eutec t ic  braze.  
Though i t  i s  ant ic ipated that  this b r a z e  wil l  be highly r e s i s t a n t  to 
a t t a c k  by m e r c u r y ,  the design is such  that  the brazing m a t e r i a l  will  not 
be contacted by m e r c u r y  a t  the downst ream terminat ion w h e r e  the capi l -  
l a r y  feeds  into the cathode. This  precaut ion  is p a r t i c u l a r l y  a p p r o p r i a t e  
f o r  the case  of h igh- tempera ture  cathode opera t ion  w h e r e  c o r r o s i o n  a n d  
amalgamation r a t e s  a r e  a c c e l e r a t e d .  
a t  this  junction d i r e c t l y  between the s t a i n l e s s  s t e e l  c a p i l l a r y  tube a n d  
the molybdenum cathode body, the b r a z e  m a t e r i a l  being used  only to 
a t t a c h  the capi l la ry  mechanica l ly  to the c e n t e r  of the 3 /8- in .  feed  tube 
s o  that the capi l la ry  tube can be p r e s s e d  a g a i n s t  the molybdenum cathode 
s u r f a c e .  
end of the minimum d i a m e t e r  flow channel which p r e c e d e s  the divergent-  
nozzle pool-keeping s t r u c t u r e .  This  provides  a m i n i m u m - s i z e d  m e r c u r y  
A p r e s s u r e  s e a l  is accompl ished  
The capi l la ry  impedance s e a l s  to  the cathode a t  the u p s t r e a m  
12 
MERCURY FLOW 
/ TITANIUM-NICKEL BRAZE STAINLESS STEEL 
CAPILLARY T 
E 965-2 
FROM 
FEED SYSTE 
- -_ 
UBING 
2.5 METERS LONG 
0.01 cm I.D. 
TITANIUM -NICKEL BRAZE 
MINIMUM- DIAMETER FEED CHANNEL POOL-KEEPING STRUCTURE 
Fig .  5. Expe r imen ta l  cathode with s ingle-capi l lary f low impedance.  
13 
R 0 6 8 - 2 2 2  
plenum, and should r e su l t  in excel lent  cathode s tabi l i ty  for  r easons  which 
a r e  explained in Sect ion 111. 
The device shown in  F ig .  5 has  been fabr ica ted  and tes t ing i s  
present ly  underway. The r a t e  of flow of m e r c u r y  through the impedance 
i s  being measu red  a s  a function of the appl ied p r e s s u r e ,  both to de t e rmine  
the calibration i tself  and  to evaluate  i t s  constancy over  a per iod  of t ime .  
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111. LM CATHODE RESEARCH AND DEVELOPMENT 
A .  Introduction 
Under the previous cont rac t  the a n n u l a r  cathode concept w a s  
adopted f o r  h igh- tempera ture  applications,  in p r e f e r e n c e  to the c i r c u -  
lar  geometry ,  because it dis t r ibutes  the t h e r m a l  cathode load PK, th 
o v e r  the c i r c u m f e r e n c e  of the annulus (independent of the a r e a  of the 
m e r c u r y  pool AK)  r a t h e r  than around the m u c h  s m a l l e r  p e r i m e t e r  of 
the cor responding  c i r c u l a r  pool. 
i n  the annular  design s e r v e s  to increase  its overa l l  t h e r m a l  conductance,  
a n d  operat ion can be achieved  with m u c h  lower  t e m p e r a t u r e  d r o p  be-  
tween the vicinity of the m e r c u r y  pool a n d  the body of the cathode. 
T h i s  dis t r ibut ion of the t h e r m a l  load 
One drawback of the annular  design is that i t  h a s  been difficult 
to f a b r i c a t e ,  s ince  a feed  channel with a n  annular  gap of 2 - - - 1 2  p m  
(0.  1----Os 5 x Maintaining the requi red  t o l e r -  
arrces on the conical  s u r f a c e s  employed in  the annular  design h a s  
proved  somewhat  difficult, a n d  in f a c t  the existing a n n u l a r  cathodes 
have been fabr ica ted  with annular gaps which a r e  no smaller than 
about  5 p m -  A s  a consequence, the r e q u i r e d  e lec t ron- to-a tom ra t ios  
could only be obtained a t  high tempera ture  by operat ing these  cathodes 
in a mode  which differs  f r o m  that employed a t  low t e m p e r a t u r e s .  The 
m o d e  change is indicated by the observat ion that the specific t h e r m a l  
loading of the cathode, V ~ , t h  = PK, th/IK,  is not constant  a s  TH 
i n c r e a s e d .  Values f o r  V 
TH = 130°C, a n d  up to l!!$&i-l f o r  TH >3OO0C. This  change i s  due 
to t%e withdrawal  of the exposed mercur?  sur face  (and hence,  the a r c  
s p o t s )  into the a n n u l a r  channel a t  higher  t e m p e r a t u r e s .  T h i s  mode of 
operat ion is r e f e r r e d  to below a s  the r e t r a c t e d  a r c  mode.  
in) is required.  
is 
have been m e a s u r e d  a t  2 . 5  W A - 1  kr 
Since i t  is n e c e s s a r y  to  p r e s e r v e  the s a m e  e lec t ron- to-a tom 
e m i s s i o n  r a t e s  Ke/Ka when T 
the  a r e a  A K  of the m e r c u r y  f rom which evaporat ion takes  place m u s t  
be reduced (F ig .  6a a n d  b).  
be m a d e  as  l a r g e  a s  possible  to a i d  i n  the diss ipat ion of P K  th in the 
cathode m a t r i x ,  and  therefore  the width of the m e r c u r y  suraace A r  
b e c o m e s  small. When A r  is reduced to the width of the feed channel 
6- 5 x c m )  by lowering the m e r c u r y  feed  p r e s s u r e ,  f u r t h e r  o p e r -  
a t ion  o c c u r s  with the cathode spot in the feed  channel i tself  (F ig .  6c) 
o r  in fac t  on the sur face  of the m e r c u r y  in the m a j o r  supply channel 
( F i g .  6d).  In this  instance w h e n A  is a g a i n  l a r g e ,  excess ive  evapora-  
t ion is prevented by the feed c h a n n 3  i tself  which a c t s  a s  a vapor flow 
c o n s t r i c t o r ,  but a t  the s a m e  time introduces a n  additional voltage d r o p  
(due to the plasma l o s s e s  i n  the channel) which is c l e a r l y  de t r imenta l  
to t h r u s t e r  per formance .  
is r a i s e d  a s  f o r  lower  t e m p e r a t u r e s ,  
A t  the s a m e  t ime the annular  d i a m e t e r  m u s t  
Hg 
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To maintain low values  of the specif ic  t h e r m a l  load,  cathodes 
m u s t  be f a b r i c a t e d  with feed channel g a p s  which a r e  sufficiently small 
t o  avoid the necess i ty  of operation of the d ischarge  in the r e t r a c t e d  a r c  
mode .  F o r  the a n n u l a r  configuration, experience h a s  shown that  the 
r e q u i r e d  to le rances  have not been reached  by f o r m e r  techniques of 
fabr icat ion,  a n d  g r e a t e r  sophistication is r e q u i r e d  to achieve  them. 
During this q u a r t e r  we have begun to undertake cons t ruc t ion  of a n  
a n n u l a r  cathode which will  m e e t  des ign  specifications.  
A second area of continuing LM cathode development dea ls  with 
the  reduction in ampli tude of fluctuations in the m e r c u r y  flow r a t e  
occurr ing  as  the m e r c u r y  enters  the pool-keeping s t r u c t u r e .  
f luctuations r e s u l t  in corresponding f luctuat ions of the l iquid m e r c u r y  
l e v e l  in the pool-keeping s t ruc ture .  When LM cathodes a r e  opera ted  
at  high t e m p e r a t u r e  o r  at  high values of the e lec t ron- to-a tom r a t i o  
K,/K,, the equi l ibr ium position of the l iquid level  is c lose  to  the up-  
s t r e a m  end of the pool-keeping s t r u c t u r e  w h e r e  the m e r c u r y  s u r f a c e  
a r e a  AK (and therefore  the ra te  of m e r c u r y  evaporation) i s  min imized .  
In  this condition, f luctuations i n  l iquid leve l  cause  the m e r c u r y  s u r f a c e  
t o  r e c e d e  m o m e n t a r i l y  out of the pool keeping s t r u c t u r e  a n d  into the 
feed channel,  which r e s u l t s  i n  m o m e n t a r y  operat ion in the r e t r a c t e d  a rc  
m o d e .  
Flow 
T h e s e  fluctuations of the m e r c u r y  flow rate r e s u l t  e i t h e r  f r o m  
t h e r m a l  fluctuations (which i n  turn a r e  d r i v e n  by the flow f luctuat ions,  
resul t ing in  nonl inear  oscil lations with a per iod  of M 1 s e c ) ,  o r  they 
r e s u l t  f r o m  a sur face- tens ion  instability which m a y  o c c u r  whenever  a 
nonwetting fluid p a s s e s  through a nar row flow constr ic t ion (as explained 
in Section In-D). Using techniques d e s c r i b e d  in Ref.  15, sui table  t h e r m a l  
des ign  of the pool-keeping s t r u c t u r e  a n d  reduct ion in the volume of the 
m e r c u r y  plenum (which e x i s t s  between the porous tungsten flow impedance 
a n d  the pool-keeping s t r u c t u r e )  have a l r e a d y  grea t ly  reduced the a m p l i -  
tude of thermal ly  induced fluctuations. 
flow fluctuations which may be induced by sur face- tens ion  f o r c e s ,  a new 
des ign  pr inciple  is d e s c r i b e d  i n  Sect ion 111-D which h a s  been incorpora ted  
in a n  exper imenta l  cathode fed  by a s ingle-capi l la ry  flow impedance.  A l l  
o t h e r  cathodes d e s c r i b e d  i n  Section 111 continue to employ a porous tung- 
s t e n  impedance t o  effect  regulation of the m e r c u r y  flow, s ince the s ing le-  
cap i l la ry  flow impedance is still  in a n  exper imenta l  s tage .  
T o  reduce the ampli tude of the 
B. Annular  Cathode Technolorrv 
During the preceding contract  two annular  cathodes w e r e  fabr ica ted  
a n d  designated No. 25 a n d  No.  26. 
0 .635  mm and 1. 91 mm, respectively.  
effor t5  the flow passage  geometry of both cathodes w a s  modified in several  
s t e p s ,  the m o s t  recent  of which was  chosen to optimize operation in the 
T h e i r  m e a n  a n n u l a r  rad i i  w e r e  
A s  p a r t  of the p a s t  r e s e a r c h  
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vapor-fed mode.  
w a s  suitable f o r  operat ion in the l iquid-fed mode .  
In t h e i r  final s tages  of modification nei ther  cathode 
During this q u a r t e r  the s m a l l e r  one of the two a n n u l a r  cathodes 
(No. 25) h a s  been reworked  to  r e t u r n  i t  to  l iquid-fed operat ion.  The 
m e a n  annular  radius  h a s  been en larged  t o  a value of 1 . 2 7  mm. 
technique of a s s e m b l y  indicated schemat ica l ly  in F i g .  7 i s  similar to 
that  used previously,  but with one significant change which is expected 
to r e s u l t  i n  a considerable  i n c r e a s e  i n  control  o v e r  the c r i t i c a l  d imen-  
s ion of the nar row a n n u l a r  gap. 
annular  gap a r e  machined  s e p a r a t e l y  a n d  placed i n  the p r o p e r  re la t ive 
posit ion by t h e i r  own se l f -center ing  geometry .  Next the two cones a r e  
lapped together to  a per fec t  match .  
channel separat ion is establ ished by mating the two cones together  with 
only a narrow tantalum s h i m  (2. 5 p m  thick) separa t ing  them ( this  is the 
new p a r t  in  the a s s e m b l y  procedure) .  
The  
A s  before,  the two conical  wal l s  of the 
Then ,  the requi red  a n n u l a r  feed  
M e r c u r y  is fed under  p r e s s u r e  to a small a n n u l a r  plenum 
machined  n e a r  the t ip of the posit ive cone. I t  flows f o r w a r d  toward 
the t ip  through the nar row feed  channel,  into the a n n u l a r  pool-keeping 
s t r u c t u r e  which is f o r m e d  by the t ip  of the posit ive cone a n d  a small 
r e v e r s e d  negative cone which i s  machined  in the f r o n t  face  of the p a r t  
containing the mating negative cone. 
flowing in the other  d i rec t ion  by a m e t a l  O-r ing  placed midway down 
the positive cone. (Whenassembled this O-r ing  is c r u s h e d  sufficiently 
s o  that t h e m a t i n g  conical s u r f a c e s  a r e  s e p a r a t e d  only by the tantalum 
s h i m . )  Tes ts  with this modified cathode will  be s t a r t e d  soon.  
M e r c u r y  is prevented f r o m  
C .  Linea r -S l i t  Cathode 
I 
I 
3 
1 
1 
I 
I 
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The des ign  of the l i n e a r - s l i t  cathode is shown schemat ica l ly  in 
F i g .  8. 
emphas izes  the dis t r ibut ion of the t h e r m a l  load PK, th o v e r  a c h a r a c t e r -  
i s t ic  dimension of the molybdenum cathode body r a t h e r  than o v e r  the 
c i rcumference  of a c i r c u l a r  l iquid m e r c u r y  pool. F o r  this  cathode that  
c h a r a c t e r i s t i c  dimension is the 0. 32-cm length of the l i n e a r  s l i t  r a t h e r  
than the c i rcumference  of the annulus of the a n n u l a r  cathode. The 
var ia t ion  f rom c i r c u l a r  to l i n e a r  g e o m e t r y  w a s  m a d e  in a n  e f for t  t o  
s implify the machining r e q u i r e m e n t s  s o  that g r e a t e r  a c c u r a c y  could be 
achieved  in fabr icat ion.  
o v e r  tolerances t o  insure  that the feed channel  is uniformally small to 
avoid  operation in the r e t r a c t e d - a r c  m o d e .  
c u r r e n t l y  employed in the a s s e m b l y  of the a n n u l a r  cathode,  the feed-  
channel separat ion of the l i n e a r - s l i t  cathode is es tab l i shed  by inser t ing  
a 2. 5 p m  thick tantalum s h i m  between the w a l l s  o n  e i t h e r  s i d e  of the 
pool-keeping s t r u c t u r e  which is f o r m e d  by p r e s s i n g  together  the two 
cathode halves.  
It is based on a var ia t ion of the a n n u l a r  cathode concept which 
In this way sufficient cont ro l  could be e x e r c i s e d  
Similar t o  the technique 
T h e  cathode halves  a r e  p r e s s e d  together  in a n  exper i -  
I 
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F i g .  7 .  Annular LM cathode using a tantalum sh im to es tab l i sh  
the  feed channel  width. 
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F i g .  8. L inea r - s l i t  cathode. 
m e n t a l  cathode mounting clamp. 
tungsten flow impedance, flow channels,  s e a l s  e t c . ,  a n d  p e r m i t s  rapid 
a s s e s s m e n t  of the per formance  of new pool-keeping s t r u c t u r e s .  
This  c l a m p  a l s o  contains a porous 
The  l i n e a r - s l i t  pool-keeping s t r u c t u r e  has  been fabr ica ted  a n d  
is present ly  being mounted f o r  experimental  evaluation. 
D. Exper imenta l  Cathode f o r  use  with Single -Capi l la ry  F e e d  
F i g u r e  5 (p. 13) shows a schemat ic  drawing of a spec ia l  cathode 
which has been designed to take advantage of the unique c h a r a c t e r i s t i c s  
ant ic ipated f r o m  the s ingle-capi l lary flow impedance. I n  p a r t i c u l a r ,  the 
60° cone of the pool-keeping s t ruc ture  h a s  been extended toward a m i n i -  
m u m  d i a m e t e r  c r o s s  sect ion which converges upon a 0.0038 c m  d i a m e t e r  
feed  channel having a length of 0.0127 c m .  
of the feed channel is expected to offer  a n  i n c r e a s e d  m e a s u r e  of s tabi l i ty  
f r o m  flow fluctuations which has previously been achieved  only by the use  
of a permanent ly  wettable meta l  t o  s tabi l ize  the posit ion of the l iquid 
m e r c u r y  interface.  
This  m i n i m u m  d i a m e t e r  sect ion 
T o  understand the benefits der ived  f r o m  this design we m u s t  f i r s t  
We will  a s s u m e  that a s teady  
unders tand  a phenomenon which leads  to fluctuations in  the r a t e  of m e r -  
c u r y  flow into the pool-keeping s t r u c t u r e s .  
m e r c u r y  flow is provided a t  the en t rance  of the m i n i m u m  d i a m e t e r  sec t ion  
of the feed channel shown in F i g .  9 .  
f e e d  channel a n d  into the pool-keeping s t r u c t u r e .  
keeping s t r u c t u r e  i s  a t  a v e r y  low p r e s s u r e  de te rmined  by s u r f a c e  tension 
f o r c e s ,  by the momentum change impar ted  by s u r f a c e  evaporat ion of 
m e r c u r y  a t o m s ,  a n d  by a r c  p r e s s u r e .  Since the p r e s s u r e  e x e r t e d  by 
s u r f a c e  tension is inverse ly  proportional to  the rad ius  of c u r v a t u r e  of 
t h e  l iquid surface," '  the magnitude of the p r e s s u r e  due t o  s u r f a c e  tension 
r i s e s  g r e a t l y  to a value p 
c u r v a t u r e  i s  a m i n i m u m  g h e  radius of c u r v a t u r e  being equal to that of 
the  feed  channel).  
a n c e d  by the driving p r e s s u r e  of the flow s y s t e m .  In the downstream 
di rec t ion ,  however, PFC m a y  not be balanced a n d  thus the downst ream 
s e g m e n t  of the minimum-diameter  m e r c u r y  column is unstable and  tends 
t o  be expelled into the pool-keeping s t r u c t u r e .  
void, and  no f u r t h e r  m e r c u r y  flow e n t e r e s  the pool-keeping s t r u c t u r e  until 
the  void is f i l led by flow f r o m  the s o u r c e ,  a t  which m o m e n t  the s y s t e m  is 
a g a i n  unstable a n d  the m e r c u r y  contained in the feed channel m a y  aga in  
be expel led into the pool-keeping s t r u c t u r e .  
The m e r c u r y  p a s s e s  through the 
The  liquid in the pool- 
within the feed  channel w h e r e  the rad ius  of 
In  the upstream direct ion,  the p r e s s u r e  PFC is bal- 
Such expulsion leaves  a 
This  s imple  relationship I s  c o r r e c t  where  no l iquid-wall  i n t e r -  .VI 1 
a c t i o n  occurs  ( i .  e .  
molybdenum s u r f a c c  I 
nowctting) a s  is near ly  thc c a s e  with m e r c u r y  on a 
2 1  
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F i g .  9. F l o w  fluctuations due to  su r face - t ens ion  f o r c e s .  
22 
We s e e  f r o m  the above descr ipt ion that t he re  is  a tendency 
f o r  the flow of a non-wetting liquid through a small capi l la ry  to exhibit 
f luctuations as  the l iquid emerges  f r o m  the capi l la ry .  We should note, 
however ,  that  the point of separat ion of the column cannot  be fu r the r  
u p s t r e a m  f r o m  the pool-keeping s t r u c t u r e  than the u p s t r e a m  te rminus  
of the min imum-d iame te r  feed channel: thus the magnitude of the flow 
fluctuations i s  l imi ted  to the volume of the min imum-d iame te r  feed 
channel.  
ible  s o  long as  the volume of the feed  channel i s  m a d e  small compared  
to  the volu.me of m e r c u r y  contained in the pool-keeping s t r u c t u r e  when 
the a r e a  A K  of the m e r c u r y  surface has  the d e s i r e d  value.  The design 
of the cathode shown in F i g .  5 is based on this  pr inciple .  
The  effect of these flow fluctuations can  be m a d e  to be neglig- 
It m u s t  be apprec ia ted  that if a porous tungsten flow impedance 
w e r e  used in conjunction with the cathode shown in F ig .  9 ,  then the 
feed channel would not p r e s e n t  the min imum flow d i a m e t e r  to the m e r -  
c u r y  s t r e a m .  Ra the r ,  the minimum flow d iame te r  would occur  within 
t h e  p o r e s  of the impedance. Then the m e r c u r y  flow enter ing  the feed-  
channel  would - not be s teady  as  w a s  a s s u m e d ,  but would a l r e a d y  exhibit 
f luctuations introduced by the porous tungsten impedance.  T h e s e  p r i -  
m a r y  fluctuations would s imply  add to  those introduced by the feed 
c ha  nn el .  
-
Only by feeding m e r c u r y  to  the cathode through a passage  with a 
d i a m e t e r  which i s  everywhere  l a r g e r  than that  of the feed  channel can 
the fluctuation ampli tude due to sur face- tens ion  f o r c e s  be reduced to  
the  m i n i m u m  value imposed by the feed channel i tself .  To  sa t i s fy  this  
c r i t e r i o n ,  the experimental  cathode which has  ju s t  been desc r ibed  i s  
ope ra t ed  in conjunction with a s ingle-capi l lary flow impedance. The 
des ign  shown in F ig .  5 fulfi l ls  an even m o r e  s t r ingent  requi rement :  i t  
f e e d s  the m e r c u r y  to  the cathode through a passage  of monotonically 
dec reas ing  d i ame te r ,  thereby preventing the trapping of g a s  bubbles. 
The  single -capi l la ry  flow impedance a l s o  p laces  the m i n i m u m  volume 
of m e r c u r y  in c lose  proximity to the the rma l  fluctuations which can 
o c c u r  in the pool-keeping s t ruc tu re ,  and  s o  min imizes  the o ther  m a j o r  
c a u s e  of flow fluctuations.  
E .  LM Cathode Neut ra l izer  
Neu t ra l i ze r s  based on the LM cathode pr inciple  have been des -  
c r i b e d  previous1 in the Summary  Repor ts  under Con t rac t s  NAS 3-626215 
a n d  NASW - 1404. % 
The design of this type of neut ra l izer  cathode is i l lus t ra ted  by 
F i g .  10. The ma in  difference (besides  s i ze )  between the neu t r a l i ze r  
pool-keeping s t ruc tu re  and  that of the main t h r u s t e r  cathode is in the 
u s e  of a bi-metal  s t r u c t u r e  f o r  the neu t r a l i ze r .  The u p s t r e a m  portion 
23 
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PERMANENTLY 
Fig. 10. Schematic  c r o s s - s e c t i o n  of LM cathode 
neu t r a l i ze r .  (Not t o  s c a l e ) .  
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c o n s i s t s  of a m e t a l  which is permanent ly  wettable by m e r c u r y ,  while 
the d o w n s t r e a m  portion is made  of a r e f r a c t o r y  m e t a l  which r e q u i r e s  
the p r e s e n c e  of a n  a r c  spot f o r  each rewetting a f t e r  consumption of a 
previous  m e r c u r y  layer .  This  combination r e s u l t s  in the abi l i ty  to con-  
t a i n  a la rge-ampl i tude  feed- ra te  fluctuation, while l imiting the a r c  spot  
p a t t e r n  excurs ions  (under  normal operat ing conditions) to the u p s t r e a m  
proximi ty  of the dividing l i n e  between the two m a t e r i a l s ,  thereby  maxi- 
miz ing  the obtainable e lec t ron-  to-a tom e m i s  s ion rat io .  
T h e  m a t e r i a l s  u s e d  exclusively with this design in prev ious ly  
conducted tests w e r e  copper  (for the u p s t r e a m  portion) and  molybdenum 
( f o r  the downst ream portion).  
LM cathode n e u t r a l i z e r s  w a s  concentrated on 
During the l a s t  t h r e e  months the effor t  on 
(a) establ ishing the limiting e lec t ron- to-a tom r a t i o  f o r  this c o m -  
bination of m a t e r i a l s  a n d  
(b) investigating the per formance  of cathodes using o t h e r  m a t e r i a l s  
T h e  r e s u l t s  of a recent  Company-supported p r o g r a m  a t  HRL16 had 
l e d  u s  t o  expect that  considerably h igher  e lec t ron- to-a tom e m i s s i o n  ra t ios  
(Ke/Ka) than previously reported5 115) should be obtainable. In this 
r e c e n t  s tudy  a method has been developed which p e r m i t s  s e p a r a t e  d e t e r -  
mina t ion  of the efflux of m e r c u r y  a t o m s  f r o m  the a r c  spots  (Ka, s)  a n d  of 
the  efflux due to evaporat ion from the inactive m e r c u r y  sur face  (Kay v) .  
I t  w a s  found that  Ke/Ka w 200,  independent of c u r r e n t  over  the range of 
m e a s u r e m e n t  (15 to 60 A ) .  
f o r  the u p s t r e a m  portion. 
I t  s e e m e d  just i f ied to expect the s a m e  value of Ke/K, a l s o  f o r  , s  the  n e u t r a l i z e r  c u r r e n t  range ,  and we w e r e  confident that  our  n e u t r a l i z e r  
cathode des ign  would p e r m i t  us to k e e p  Ka, <<Kay s ,  s o  that Ke/Ka 
K e / K a ,  s.  A copper-molybdenum n e u t r a l i z e r ,  having a pool-keeping 
s t r u c t u r e  with 0. 25 mm diameter  cy l indr ica l  bore ,  was  s e l e c t e d  to t e s t  
t h e  validity of this  extrapolation. An operat ing t e m p e r a t u r e  of 4OoC 
w a s  found to give the bes t  compromise  between low Ka, ?, requir ing 
low t e m p e r a t u r e ,  a n d  avoidance of m e r c u r y  recondensation on the down- 
s t r e a m  port ion of the pool-keeping s t r u c t u r e ,  which r e q u i r e s  a re la t ive ly  
high t e m p e r a t u r e .  (Such recondensation, similar to splashing, 5 ,  l 5  
l e a d s  t o  f requent  a r c  extinctions in  the n e u t r a l i z e r  c u r r e n t  range) .  
When all p a r a m e t e r s  were  opt imized,  i t  w a s  indeed found possible  
t o  opera te  this cathode a t  Ke/K, -200  ( a v e r a g e  f o r  a 2-hour  r u n ) ,  with a 
c u r r e n t  of 1.9A a n d  a diode d ischarge  voltage of 
su l t  w a s  achieved  under s t r ic t ly  l a b o r a t o r y  conditions and  does not r e p r e -  
s e n t  p e r f o r m a n c e  readi ly  available on a t h r u s t e r  in space ,  i t  d o e s  demon- 
s t r a t e  the ul t imate  potential of this a p p r o a c h  a n d  i t  conf i rms  our  p r e -  
dict ions . 
30 V .  While this r e -  
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The r e s u l t s  of the evaluat ion of m a t e r i a l s  f o r  the u p s t r e a m  
por t ion  of the pool-keeping s t r u c t u r e  c a n  bes t  be r e p r e s e n t e d  by the 
- 
following table: 
in  s o m e  consumpt ion  of s t r u c t u r a l  
m a t e  rial. 
P l a t  inum 
Aluminum 
C oppe r 
5070 porous  tungsten,  
f i l led with copper  
Cold ro l led  s t e e l  
I ron  
S ta in l e s s  s t e e l  (304) 
Tungs ten 
Nickel 
Tantalum 
Insufficient p e r m a n e n t  wet tabi l i ty ,  
resu l t ing  in  instabi l i ty  of a r c  spot  
(The  a r r o w s  indicate the d i r ec t ion  of i nc reas ing  impor t ance  of the s t a t e  
p rope  r t  ies  . ) 
F o r  the m a t e r i a l s  l i s t e d  c l o s e s t  to  coppe r ,  s e v e r a l  days  of continuous 
opera t ion  w e r e  r e q u i r e d  to  r evea l  a n  infer ior i ty  c o m p a r e d  to  coppe r ,  
while  f o r  the m o s t  e x t r e m e  e n t r i e s  the def ic iency became obvious after 
a few minutes  of operat ion.  
26 
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IV.  LM CATHODE THRUSTER OPTIMIZATION 
A .  Introduction 
While the pe r fo rmance  of the LM cathode i tself  can  f o r  the m o s t  
p a r t  be de te rmined  by operation in  a diode d ischarge ,  the pe r fo rmance  
r equ i r emen t s  which m u s t  be m e t  by the cathode c a n  only be es tab l i shed  
by operat ion of the LM cathode in a t h r u s t e r  
have been conducted a t  LeRC to optimize the 15 -cm S E R T  I1 t h r u s t e r  
f o r  operat ion with both the oxide7 and the hollow-cathode, 
data  a r e  avai lable  f o r  operat ion of a n  LM cathode in a s i m i l a r l y  opti-  
m i z e d  th rus t e r .  
been undertaken s ince N o v e m b e r m A t  the i r  p r e s e n t  s t a t e  of devel-  
opment ,  the var ious  cathode types ( i .  e . ,  oxide, hollow, and  LM) a r e  
not s imply interchangeable  within a given t h r u s t e r ;  therefore  the 
S E R T  11 pe r fo rmance  data can  not a p r i o r i  be used  to  s e t  the r e q u i r e -  
m e n t s  f o r  LM cathode per formance .  Thus it i s  n e c e s s a r y  to conduct 
a s e p a r a t e  p r o g r a m  to opt imize the Kaufman t h r u s t e r  f o r  opera t ion  
with the LM cathode. 
Though sepa ra t e  p r o g r a m s  
no s i m i l a r  
No LM cathode t h r u s t e r  optimization p r o g r a m  has  
Improvements  achieved in d i scharge  chamber  pe r fo rmance  
a r e  impor tan t  both as a n  enhancement of LM cathode t h r u s t e r  efficiency 
a n d  a l s o  because they r ep resen t  a relaxat ion of the demands on p e r -  
fo rmance  f r o m  the LM cathode. 
examining the dependence on thrus te r  per formance  of one of the 
p a r a m e t e r s  which h a s  been important  in the development of the LM 
cathode: the e lec t ron- to-a tom ra t io  K,/Ka. 
which i s  r equ i r ed  f o r  given th rus t e r  operat ion is equal to 
The latter point can  be i l lus t ra ted  by 
The value of this  p a r a m e t e r  
w h e r e  q m  i s  the mass utilization, IK i s  the cathode d ischarge  c u r r e n t ,  
a n d  Ig i s  the beam c u r r e n t .  I n  the LM cathode t h r u s t e r  the product  of 
the  d i scha rge  voltage VD t imes  the r a t io  of cathode to  beam c u r r e n t  i s  
s imply  equal to the s o u r c e  energy requi red  to produce a n  ion, V s :  
= vs IK 'D 
Combining the above two express ions  we have 
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We s e e  f r o m  the final express ion  that f o r  a given value of mass 
efficiency a n d  cons tan t  d i scharge  voltage,  the r a t i o  Ke/Ka depends 
d i rec t ly  on the s o u r c e  energy  p e r  ion. 
Previous LM cathode t h r u s t e r  per formance  of V s  = 400 e V / i o n  
a t  q m  = 8770 repor ted  in Ref.  5 requi red  values of Ke/Ka M 10. 
cor responds  to a ra t io  of cathode d ischarge  c u r r e n t  to the t h r u s t e r  
beam c u r r e n t  I K / I B  M 12. 
leve l  of V s  = 200 eV/ ion  f o r  the same d i s c h a r g e  voltage reduces  the 
requi rements  to Ke/Ka M 5 a n d  IK/IB % 6 .  The lower  value of Ke/Ka 
p e r m i t s  design of LM cathodes having feed  channels with twice the 
width previously requi red  f o r  non-re t rac ted  operat ion.  T h e  l o w e r  
value of IK/IB spec i f ies  that  only half as  much t h e r m a l  power PK, th 
is del ivered to the cathode p e r  unit beam c u r r e n t .  
This  
Improvement  of t h r u s t e r  p e r f o r m a n c e  to a 
B. Modification of 20-cm P M T  
A s  a f i r s t  s t e p  in a p r o g r a m  to opt imize the Kaufman t h r u s t e r  
f o r  operation with the LM cathode, a n  existing 20-cm d i a m e t e r  
permanent  magnet  t h r u s t e r  ( P M T )  w a s  modified to conform ( i n  f i r s t  
approximation) t o  the magnet ic  field g e o m e t r y  of the LeRC 1 5 - c m  
SERT 11 thrus te r .  The p r e s e n t  configuration of this t h r u s t e r  is  shown 
schematical ly  in F i g .  11 which is approximate ly  to s c a l e .  I t  w a s  
equipped with a magnet ic  c o l l a r  and  with both s c r e e n  a n d  cathode pole 
p ieces  to  reproduce the d e s i r e d  magnet ic  f ie ld  prof i le .  A baffle w a s  
placed downstream of the cathode pole piece by a var iab le  ax ia l  d i s -  
tance d.  
s e r i e s  of s e p a r a t e  exper iments .  
The e x a c t  configuration of this baffle w a s  modified in a 
The design of the baffle configurations w a s  guided by the m a g -  
netic-shadow technique enunciated during o u r  previous t h r u s t e r  opti- 
miza t ion  effort4, l5  in which the ta i lored  dis t r ibut ion of e l e c t r o n s  o v e r  
the discharge c h a m b e r  c r o s s  sect ion by m e a n s  of a baffle w a s  in t ro-  
duced. 
placed downstream of the cathode, s o  that e l e c t r o n s  s t r e a m i n g  a r o u n d  
the baffle p e r i m e t e r  o r  through the a p e r t u r e s  e m e r g e  on a n d  follow 
magnet ic  field l ines  which i n t e r s e c t  the s c r e e n  e lec t rode  a t  r a d i i  
s e l e c t e d  to yield m a x i m u m  o v e r - a l l  t h r u s t e r  p e r f o r m a n c e .  
function served  by the baffle (which became c l e a r  in m o r e  recent  
s tudies5,  
of e lectron flux f r o m  the cathode t o  the d ischarge  c h a m b e r .  This  p e r -  
m i t s  the d ischarge  voltage to be r a i s e d  to a n y  d e s i r e d  leve l ,  thus 
allowing a n  independent choice of d i s c h a r g e  voltage as  a p a r a m e t e r  
in thrus te r  optimization. 
With this technique, a baffle (with o r  without a p e r t u r e s )  is 
A f u r t h e r  
a n d  during the c u r r e n t  effort  is to c o n s t r i c t  the passage  
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The cathode was  placed a t  a n  axial d is tance  4 behind the 
mouth of the cathode pole p iece ;  this  dimension was  a l s o  var iab le .  
A l l  of the propel lant  w a s  fed through the cathode in deviation f r o m  
the technique used i n  the S E R T  II t h r u s t e r .  
Iron-filing magnet ic  field plots demons t r a t e  that  the S E R T  II 
f ie ld  is  reasonably approximated .  Init ially,  the wire-wound s i m u -  
la ted  permanent  magne t s  w e r e  located s e v e r a l  cen t ime te r s  beyond 
the radius  of the i r o n  c o l l a r ,  but they w e r e  moved in  c lose  to  the 
co l l a r  f o r  the l a s t  s e v e r a l  expe r imen t s  to  the posit ion shown in  
F i g .  11. In the final -xper iment  conducted to date ,  a beam-con-  
s t r ic t ing  electrode was  employed to  reduce propel lant  l o s s  f r o m  
the outermost  s c r e e n  a p e r t u r e s .  
The f i r s t  four  expe r imen t s  es tab l i shed  the typical opera t ion  
of the initial configuration before  the magnets  w e r e  moved  c lose  
to  the col lar  and  the beam constr ic t ing e lec t rode  was  employed. 
The resu l t s  of these  t e s t s  a r e  displayed in F ig .  12 and s u m m a r i z e d  
in Table I. 
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Table  I: Typical operat ion of modified 2 0 - c m  P M T  with var ious 
baffle configurations.  
T e s t  
NO. 
1 
2 
3 
4 
Baffle Configuration 
A s  descr ibed  above 
with 2 . 9 3  mm annu-  
l a r  gap  between the 
O . D .  of the cathode 
pole piece a n d  the 
I . D .  of the i r o n  
baffle. 
A s  d e s c r i b e d  above,  
but with a 1. 46 mm 
a n n u l a r  gap  between 
the cathode pole 
piece and  a s ta in-  
l e s s  s tee1 baffle. --
A s  d e s c r i b e d  in T e s t  
No. 2 ,  but with a 
stait l less s t e e l  annu-  
l a r  baffle in  the s a m e  
plane and  sur round-  
ing the c e n t r a l  d i sk  
[4. 7 cm I. D. (equal 
t o  the i n n e r  d i a m e t e r  
of the cathode pole 
piece),  a n d  10. 1 c m  
O . D . ]  
A s  d e s c r i b e d  in T e s t  
No. 2 ,  but with a la r -  
g e r  s t a i n l e s s  s t e e l  
annular  baffle in  the 
same plane and  s u r -  
rounding the c e n t r a l  
disk (4.  7 c m  I. D . ,  
18 cm O . D . )  
Resul t s  
The d ischarge  voltage w a s  V ~ m 3 0  V .  
P e r f o r m a n c e  w a s  improved by varying 
the cathode posit ion f r o m  & = 3. 75 c m  
to 4, = 0 . 4  c m .  R e s t  operat ion w a s  
achieved  with the baffle located a t  
d = 1 c m .  
p e r  ion V s  -360 eV/ion f o r  mass efficiency 
3470 <TI < 6070, then r is ing.  Separa te  low 
power m o d e  of V s  = 250 eV/ ion  noted a t  
A l m o s t  constant  s o u r c e  e n e r g y  
T l  m 22700. 
The d ischarge  voltage w a s  V ~ x 2 8  V.
Opera ted  only i n  low-energy m o d e .  
Cr i t ica l ly  dependent on magnet ic  f ie ld  
intensi ty  a n d  baffle position. Two p e r -  
f o r m a n c e  p e a k s ,  one with baffle loca ted  
a t  d = 0 . 5  cm, the o t h e r  a t  d = 1 . 8  c m  
d o w n s t r e a m  of end of cathode pole piece.  
P e r f o r m a n c e  w a s  n o t  c r i t i ca l ly  dependent 
on cathode posit ion f o r  1 c m  < &  < 3  c m .  
vs < 200 e V / i o n  f o r  3270 < qm < 5570, 
r i s ing  s teeply  at qm = 6070. 
T h e  d ischarge  voltage w a s  V ~ m 3 5 V .  
p e r f o r m a n c e  w a s  achieved  with the baffle 
loca ted  a t  d = 0. 4 c m  downst ream of end 
of cathode pole piece.  P e r f o r m a n c e  w a s  
not c r i t i ca l ly  dependent on cathode posit ion 
f o r  1 c m  < d < 3  c m .  V s  M 200 eV/ ion  f o r  
5270 <q < 8070, r is ing sharp ly  a t  
Trn = 8Ro. 
B e s t  
T h e  d i s c h a r g e  voltage w a s  V ~ m 3 0 V .  Bes t  
p e r f o r m a n c e  w a s  achieved  with the baffle 
loca ted  a t  d = 0 . 4  c m  downst ream of end of 
cathode pole piece.  
c r i t i c a l l y  dependent on cathode posit ion f o r  
1 c m  < d < 3  c m .  
q m  < 700/0, r i s ing  t h e r e a f t e r .  
P e r f o r m a n c e  w a s  not 
V s w 2 4 0  e V / i o n  f o r  
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Subsequent to  the completion of these  four  expe r imen t s ,  the 
m a g n e t s  w e r e  moved rad ia l ly  inward to a posi t ion c lose  to the c o l l a r  
pole piece.  
change. The magnet ic  field l ines shown in F i g .  11 w e r e  m e a s u r e d  
with the magne t s  placed in  this  configuration. Of these  f i r s t  f o u r  e x -  
p e r i m e n t s ,  the m o s t  promis ing  pe r fo rmance  r e su l t ed  f r o m  t e s t  No. 3 .  
The m a j o r  def ic iency which was a p p a r e n t  f r o m  th i s  configurat ion w a s  
a r a t h e r  prec ip i tous  r i s e  in source  energy  p e r  ion Vs occur r ing  a t  
q m w  85'70~ as though the th rus t e r  had reached  a prema-ture sa tu ra t ion  
i n  propel lant  utilization. 
of the indicated sa tu ra t ion  w a s  a l o s s  of propel lant  occu r r ing  a t  the 
o u t e r m o s t  a p e r t u r e s  of the s c r e e n  e lec t rode .  These  a p e r t u r e s  a r e  
pa r t i a l ly  sh ie lded  f r o m  the  p lasma by the s c r e e n  pole piece,  a n d  c a n  
not be expected to produce intense beamle ts ,  but a r e  ab le  to p a s s  
neu t r a l  pa r t i c l e s  a r r i v i n g  f r o m  the c h a m b e r  a n d  f r o m  recombined  ions 
leaving the s c r e e n  pole p iece .  
L i t t l e  change in per formance  was  noted in r e sponse  to this 
It was p r e s u m e d  that the m o s t  probably  cause  
While using the baffle configuration of t e s t  No. 3, a non-magnet ic  
beam c o n s t r i c t o r  w a s  placed ups t r eam of the s c r e e n  e l ec t rode ,  t he reby  
r e s t r i c t i n g  the beam d i a m e t e r  to 18 c m  in o r d e r  to reduce the l o s s  of 
neu t r a l  pa r t i c l e s  f r o m  the outermost  a p e r t u r e s .  
F i g .  13 f o r  this  configurat ion r e p r e s e n t s  the bes t  pe r fo rmance  obtained 
to date.  E a c h  of the t h r e e  data  points which is p resen ted  r e p r e s e n t s  
a n  a v e r a g e  of data which w a s  taken o v e r  a per iod  of f r o m  45 minu tes  
to  two hours  of t h r u s t e r  operation. Optimum pe r fo rmance  w a s  obtained 
with the baffle placed 1-2 m m  downstream of the end of the cathode pole 
p i ece ,  and  w a s  not sens i t ive  to the posit ion of the cathode within the 
cathode pole piece.  
m u m  value VD -35 V ,  which was s e t  by ad jus tmen t s  of the baffle po- 
s i t i o n  and  of the magne t i c  field intensity.  
f o r m a n c e  was  not c r i t i ca l ly  dependent on mass flow r a t e  ( the  data  
p r e s e n t e d  in F ig .  13 was  obtained a t  a mass flow equivalent of 
I, = 650 6). 
had a value B -30 G on the  ax i s  a t  the midplane of the d i scha rge  c h a m -  
b e r .  Some penalty was  paid for the use  of the cons t r i c to r  as evidenced 
by a slight r i s e ,  i n  the minimum s o u r c e  ene rgy  to a value V s  -240 eV/ ion .  
The  benefit of the c o n s t r i c t o r ,  however ,  is c l e a r l y  evident by the in-  
c r e a s e d  mass utilization. 
The data shown in 
The discharge voltage was  main ta ined  a t  a n  opti-  
Discharge  c h a m b e r  p e r -  
F o r  opt imum per formance  the magnet ic  field in tens i ty  
This  p r e s e n t  modification of the 20-cm PMT has  ach ieved  a n  
immedia t e  goal of es tabl ishing design c r i t e r i a  for  cons t ruc t ion  of a 
new 30-cm Kaufman t h r u s t e r  which will  s e r v e  as the p e r f o r m a n c e -  
opt imized  t e s t  vehicle f o r  future L M  cathode development.  
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C .  Design of 30-cm P M T  
A 30-cm permanent-magnet  t h r u s t e r  h a s  been designed to s e r v e  
as  a t e s t  vehicle f o r  LM cathodes and re la ted  s y s t e m s  being developed 
under  this cont rac t .  
c r i t e r i a  evolved in the r e c e n t  optimization of the NASA 15-cm SERT II 
t h r u s t e r  f o r  LeRC. 7 9 8 2 9  
techniques will  be der ived  f rom the exper imenta l  development a l r e a d y  
near ing completion utilizing the modified 20-cm P M T  a n d  wi l l  be opti-  
m i z e d  f r o m  that point by operation within the 3 0 - c m  t h r u s t e r .  
T h i s  design bor rows  heavily f r o m  geometr ica l  
T h e  initial baffle geometry  a n d  operating 
A schemat ic  drawing of the 30-cm t h r u s t e r  des ign  is shown in 
The s c r e e n  and cathode pole p ieces ,  the magnet ic  
F i g .  14. 
S E R T  E1 t h r u s t e r .  
colla r and magnet ic  d i s t r ibu tor  pole p ieces  a r e  all s c a l e d  up by the 
same factor .  
h a s  not been i n c r e a s e d  f r o m  the S E R T  I1 dimension,  and  the overa l l  
l ength  is 2 0  c m ,  
F i g .  14 is calculated to  r e a c h  approximately 4. 7 kg. 
The anode d i a m e t e r  of 30 cm is twice the value u s e d  f o r  the 
The s e p a r a t i o n  between the anode and  the t h r u s t e r  shel l  
The  total  weight of the basic  t h r u s t e r  as  shown in 
The anode is a t tached  to a n  ex terna l  connector  by a s e r i e s  of 
lead- throughs  consis t ing of short  a luminum rods which pass through 
insulating c e r a m i c  s leeves .  
connect the anode  to the external e l e c t r i c a l  c i r c u i t s ,  but a l s o  p a s s  
the d ischarge  h e a t  de l ivered  to the anode on to the cx terna l  connector .  
B y  v i r tue  of this a r r a n g e m e n t ,  it has  been calculated that  f o r  a s o u r c e  
e n e r g y  p e r  ion V s  = 200 eV/ion the anode will  opera te  a t  a n  equi l ibr ium 
t e m p e r a t u r e  of 3OOOC f o r  t h r u s t e r s  c l u s t e r e d  in a p e r i p h e r a l  a r r a y .  
Under  these  conditions,  the cathode is calculated to opera te  a l s o  a t  a 
t e m p e r a t u r e  of 3OO0C while rejecting i ts  own t h e r m a l  load along a 
t a p e r e d  a luminum backplate t o  the outer  t h r u a t e r  shel l  w h e r e  it is 
rad ia ted  away a t  a tempera ture  of 150OC. 
on d e m o n s t r a t e d  values of cathode per formance  given in Ref. 5, typi- 
ca l ly  exhibiting a specif ic  thermal  load of V K ,  th = 7. 5 W /A f o r  a n  LM 
cathode operat ing t e m p e r a t u r e  of 30OoC. The  ana lys i s  on which these  
calculat ions a r e  based h a s  a s s u m e d  that  radiat ion is permi t ted  only 
f r o m  the t h r u s t e r  s i d e  wal l ,  a n d  that  t h e r e  is no hea t  shielding be-  
tween anode a n d  cathode surfaces .  It is a n t i c i s t e d  that for thcoming 
a d v a n c e s  in  h igh- tempera ture  LM cathode technology will  significantly 
l o w e r  the h e a t  load to  the cathode, resul t ing in  the possibi l i ty  of a 
f u r t h e r  t h r u s t e r  weight reduction. 
These l e a d - t h r o u g h  s e r v e  not only to 
This  calculation is based 
The  des ign  of the 30-cm P M T  is based on the use of a luminum 
as the m a j o r  s t r u c t u r a l  mater ia l .  
appl icat ion because of its a lmost  unique combination of e x t r e m e  light 
weight  and  high t h e r m a l  conductivity, which together  have resu l ted  in 
the  design of a l ight-weight thermally in tegra ted  t h r u s t e r .  
This  m e t a l  was  chosen f o r  this  
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The  l i t e r a t u r e  shows no expl ic i t  data to  indicate the compata-  
bility of a luminum with m e r c u r y  over  the typical range of opera t ion  
of a n  e lec t ron-bombardment  th rus t e r  (475-675OK a t  a m e r c u r y  vapor  
p r e s s u r e  of about  T o r r ) .  A t  normal  a t m o s p h e r i c  conditions,  
a luminum is reported17,  l8 t o  be a poor  s t r u c t u r a l  m a t e r i a l  in the p r e -  
s e n c e  of m e r c u r y .  It has  recently been found i n  th i s  l abora to ry  in 
w o r k  done under a NASA cont rac t  (NAS 3-9703) that high pur i ty  a l u m i -  
num m a y  be r e s i s t an t  to o r  a l te rna t ive ly  m a y  be a t tacked  by m e r c u r y  
depending on o ther  environmental  p a r a m e t e r s .  Brief ly ,  a n  a luminum 
r ibbon e lec t romagnet  when kept a t  approximate ly  2OO0C in  m e r c u r y  
vapor  a t  a p r e s s u r e  of T o r r  has  not suf fe red  de te r iora t ion  ove r  
a per iod  of some 500 hour s .  This anodized ribbon i s  s t r ipped  of the 
a luminum oxide on i t s  ends in o r d e r  t o  m a k e  e l ec t r i ca l  contac ts .  
a t t a c k  on the thin ribbon would become appa ren t  immedia te ly  s ince a 
local a t tack  would i n c r e a s e  the incrementa l  r e s i s t ance  of the ribbon 
a t  tha t  point. 
a c c e l e r a t e  the a t t ack  and  the destruct ion of the coil i n  that  area.  When 
the s a m e  coil  i s  placed in an  environment consis t ing of no rma l  room 
a t m o s p h e r e  and  d rop  s i z e  concentration of l iquid m e r c u r y  on the s u r -  
f a c e ,  a t t a c k  occur s  immediately on the s t r ipped  portion. The r eason  
f o r  the onset  of m e r c u r y  a t t ack  i s  not understood,  but m a y  possibly 
be due to  the addition of room water  vapor  to  the a luminum-mercury  
galvanic couple.  l 9  These  observat ions rule  out the use of c o m m e r c i a l  
pu r i ty  a luminum in the fabricat ion of s t r u c t u r a l  components  of t h r u s t e r s  
which m u s t  undergo l abora to ry  testing. 
Any 
This would resu l t  in a hot spot,  which in turn  would 
When consider ing aluminum a l loys  which p o s s e s s  a m p l e  s t rength  
f o r  ion e n  ine s t r u c t u r e s ,  the l i t e r a tu re  shows s e v e r a l  per t inent  points.  
A n  a t tackfo  of the s t r e s s  cor ros ion  type takes  place on s o m e  2000 and 
7000 s e r i e s  a luminum all0 s. Scratching o r  removing the protect ive 
oxide f i lm  i s  a l s o  reported51 to r e n d e r  a l loys  vulnerable to m e r c u r y  
a t t ack .  
a l l o y s  r e s i s t  cold m e r c u r y  a t tack  and  have cons iderable  r e s i s t ance  to 
hot  m e r c u r y  vapor .  
th i s  l abora to ry  that 6061 a l u m i n u m  (a low si l icon al loy)  vacuum c h a m b e r  
end  l a t e s  a t  room t empera tu re  have not been affected by exposure to  
10 -aTor r  m e r c u r y  p r e s s u r e  over a per iod of four  y e a r s .  They have 
a l s o  r e s i s t e d  a t tack  due to droplets  of m e r c u r y  which accumula te  on 
p a r t s  mounted on the p la tes  and d r i p  down during a s s e m b l y  o r  d i s -  
a s s e m b l y .  
a luminum al loy to m e r c u r y  when s c r a t c h e d  s ince they a re  handled with-  
out a n y  r e g a r d  f o r  sc ra tch ing .  
On the o ther  hand, i t  has been observed" that 3-570 s i l icon 
This  conclusion i s  borne out by our  exper ience  a t  
This  observat ion s e e m s  to  negate the vulnerabili ty of this  
F r o m  these observat ions m a d e  a t  H R L  and  f r o m  the s t a t emen t s  
found in the l i t e r a t u r e ,  it appea r s  reasonable  to  expect  that  6061 a l u m i -  
num al loy can  s e r v e  successful ly  as  the m a j o r  s t ruc tu ra l  m a t e r i a l  in 
the  fabricat ion of the 30-cm P M T .  
th i s  a l loy  has  r e s i s t ed  a t tack  by m e r c u r y  drople t s  lying on the su r face  
We have definite knowledge that 
3 7  
when the m e t a l  i s  exposed t o  normal  a t m o s p h e r i c  conditions,  and  
we have reason to  believe that i t  c a n  a l s o  r e s i s t  a t t a c k  under the 
t h r u s t e r  operating environment  of 475-675OK a t  a m e r c u r y  vapor  
p r e s s u r e  of T o r r .  The decis ion to f a b r i c a t e  the t h r u s t e r  f r o m  
this  alloy m u s t  be cons idered  as  a n  e x p e r i m e n t  which wil l  be of 
significant value in itself s ince it will  a n s w e r  a ques t ion  of g e n e r a l  
importance f o r  the development of e lec t ron-bombardment  t h r u s t e r s .  
While this choice h a s  been m a d e ,  r e s e a r c h  on the compatabi l i ty  of 
a luminum a l loys  with the t h r u s t e r  envi ronment  will  continue. 
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V .  CONCLUSIONS 
We have s t a r t e d  a n  effort  of r e s e a r c h  a n d  development to 
consol idate  the benefits which can be der ived  f r o m  r e c e n t  e x p e r i -  
m e n t a l  advances  in e lectron-bombardment  t h r u s t e r  operat ion a t  
HRL,  JPL, a n d  LeRC, a n d  to apply these  to the t a s k  of optimizing 
the e lec t ron-bombardment  t h r u s t e r  f o r  operat ion with a n  L M  cathode. 
We a l s o  expect  to  r e a p  the benefits indicated by p a s t  analyt ical  
s tud ies  with r e g a r d  to the thermal  integrat ion of the t h r u s t e r  s y s t e m  
with r e s p e c t  t o  the LM cathode. Only by operat ing the cathode in a n  
opt imized t h r u s t e r  can  rea l i s t ic  demands  be - s tab l i shed  f o r  LM 
cathode per formance .  
In p a r a l l e l  with the development of a n  e lec t ron-bombardment  
t h r u s t e r  which is opt imized f o r  use with the L M  cathode,  r e s e a r c h  
a n d  development continues on the cathode i tself ,  a s  wel l  as on m a n y  
of the auxi l ia ry  components which a r e  n e c e s s a r y  to  produce a w o r k -  
ab le  t h r u s t e r  s y s t e m .  
Accompl ishments  to date include: 
1. M e a s u r e m e n t s  of Poiseui l le  flow of m e r c u r y  through a 
s ing le-capi l la ry  flow impedance w e r e  l i n e a r  a n d  r e -  
peatable  to  within the experimental  e r r o r  of t 570 ( in  
the range  of in te res t  f o r  e lec t ron-bombardment  
t h r u s t e r s  . ) 
2. A n  experimental  LM cathode h a s  been cons t ruc ted  which 
is fed by a s ingle-capi l lary flow impedance.  
3 .  A new technique has been introduced f o r  the a s s e m b l y  of 
L M  cathodes which employs the u s e  of s h i m s  t o  es tab l i sh  
the uniformly small  feed channels d e s i r e d  f o r  high- 
t e m p e r a t u r e  operation. 
to  the annular  LM cathode and  to a new l i n e a r - s l i t  LM 
cathode . 
This  technique h a s  been appl ied 
4. A n  L M  cathode neut ra l izer  h a s  been opera ted  (under  
s t r i c t l y  labora tory  conditions) a t  Ke/Ka w200 with a 
c u r r e n t  of 1 . 9  A and a diode d ischarge  voltage of < 3 0  V .  
5. A modified 20-cm permanent  magndtic t h r u s t e r  h a s  been 
opera ted  with the following per formance:  
B e a m  C u r r e n t  J, - I = 550 mA 
Ma s s Utilization - q m  = 85% 
Source  Energy  p e r  Ion". - 4 = 250 eV/ion 
V s  is the total  e n e r g y  required to  f o r m  a n  ion, s ince  no  h e a t e r ,  .b -8-
v a p o r i z e r ,  o r  k e e p e r  power is required with the LM cathode. 
3 9  
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6.  A 30-cm permanent  magnet  t h r u s t e r  des ign  is now 
complete  which a t t empt s  t o  exploit  the exper ience  
gained through recent  development of opt imized 
t h r u s t e r s  a t  HRL, JPL, a n d  LeRC. This  t h r u s t e r  
i nco rpora t e s  f ea tu res  n e c e s s a r y  f o r  t he rma l  inte-  
gra t ion  of the cathode within the overa l l  t h r u s t e r  
s y s t e m  and  is calculated to  weigh approximate ly  
4. 7 kg. 
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V I .  RECOMMENDATIONS AND FUTURE P L A N S  
Continuation of the p rogram is planned along the following 
l i nes :  
0 Study of techniques of m e r c u r y  flow m e a s u r e m e n t  a n d  control ,  
a n d  of high-voltage isolation. 
developed hydrogen-  bubble high- voltage i so l a to r  in conjunction 
with a n  L M  cathode t o  demonst ra te  the i r  compat ibi l i ty .  
tinuation of m e a s u r e m e n t s  of Poiseui l le  flow through s ingle 
capi l la ry  tubes,  a n d  initiation of expe r imen t s  to  d e t e r m i n e  
the  cause  of the sys temat ic  flow var ia t ions  which have been 
observed .  
Operat ion of the previously 
Con- 
0 Test ing  of s e v e r a l  new cathodes,  including 
1. The  reworked  annular cathode No. 25 using the sh im 
a s s e m b l y  technique. 
2.  A l i n e a r - s l i t  cathode. 
3 .  A n  exper imenta l  cathode employing a s ingle  -capi l lary 
flow impedance. 
4. LM neu t ra l i ze r  cathodes employing new combinat ions 
of m a t e r i a l  in their  pool-keeping s t r u c t u r e s .  
0 Construct ion of 30-cm th rus t e r .  
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V U .  NEW TECHNOLOGY 
During this report ing period, one invention which is be- 
l i eved  to  be patentable has  been reduced to p rac t i ce .  
had been conceived p r i o r  to the Cont rac t  s t a r t  date .  ) 
docket  number ,  t i t le ,  and  name of inventor a r e  as  follows: 
(Th i s  invention 
The patent  
P D  68277 LM Cathode with a Single-Capi l lary Flow Impedance,  
by Ju l ius  Hyman, J r .  
The pr inc ip les  on which this invention if based a r e  f i r s t  r e -  
The d i sc losu re  is in the p r o c e s s  of being forwarded  
por ted  to  NASA in Section 11-D of this  Q u a r t e r l y  Repor t ,  dated 
May 15, 1968. 
to NASA by the Corpora t e  New Technology Di rec to r .  
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